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Recessive mutations of the Drosophila melanogaster suppressor of sable [su(s)] gene result in elevated
accumulation ofRNA from vermilion (v) mutant alleles that have an insertion of the 7.5-kb retrotransposon 412
in the first exon of the v gene. During transcription of such a v mutant gene, the 412 sequences are incorporated
into the primary transcripts and are subsequently removed by splicing at cryptic sites within 412 sequences. In
a su(s)+ background, the level of these unusually spliced transcripts is exceedingly low, and su(s) mutations
increase their accumulation. We previously proposed that v RNA levels are elevated in su(s) mutants because
of increased recognition of the cryptic splice sites, and the aim of this study was to test this hypothesis. We
generated a v mutant derivative with a smaller 412 insertion, introduced alterations into the 412-associated
splice sites, and examined the effect of su(s) mutations on expression of these derivatives after germ line
transformation. To increase overall expression levels, the v promoter was replaced with the stronger
Metallothionein (Mtn) gene promoter. We found that transformants bearing a v derivative with 480 bp of 412
sequences accumulate both transcripts, with 412 sequences spliced out and transcripts that retain 412
sequences. Mutations ofsu(s) increase the levels of both transcript classes without affecting the relative amounts
of the two forms. Strikingly, replacement of the cryptic 5' splice sites with a 5' consensus produces the same
effect as, and eliminates the response to, a su(s) mutation. In addition, we demonstrated that mutations ofsu(s)
lead to increased accumulation of v transcripts even when the previously identified cryptic 412 5' and 3' splice
sites were destroyed and that other cryptic splice sites reside within Mtn and 412 sequences. These results
indicate that the v mutant transcripts are stabilized by assembly of the 412 sequences into splicing complexes
and support the hypothesis that splicing complexes more readily assemble on cryptic splice sites in su(s)
mutants.
Transposition of mobile DNA elements is a common cause
of mutations in eukaryotes. In Zea mays and Drosophila
melanogaster, a few cases have been described wherein a
transposon has inserted into an exon of a particular gene,
and after being incorporated into the primary RNA tran-
script, the majority of the transposon sequences are re-
moved from the pre-mRNA by splicing (22). Thus, low levels
of nearly wild-type-size transcripts are generated, despite
the presence of a transposon insertion within transcribed
sequences. In D. melanogaster, splicing events of this type
have been described for certain mutant alleles of vernilion
(v) andyellow (y), which are associated with retrotransposon
412 and P-element insertions, respectively (3, 6). Both the v
andy mutations are suppressed by recessive mutations at the
unlinked suppressor ofsable [su(s)] gene. We are using the v
gene as a model to investigate the mechanism of suppres-
sion.
The v gene encodes an enzyme, tryptophan oxygenase,
which is required for brown eye pigment synthesis (20, 31).
The alleles v1, v2, and vi (collectively referred to as vS) are
phenotypically suppressed by su(s) mutations. Each vS allele
has an identical insertion of a 7.5-kb 412 retrotransposon in
the first v exon, 36 nucleotides (nt) downstream of the major
transcription start site and 21 nt upstream of the translation
start codon (24, 25). The 412 element is oriented such that
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normal transcription of the element would proceed in the
opposite direction as transcription of the v gene (24). Al-
though the insertion is in an exon, trace amounts of appar-
ently wild-type-size v transcripts accumulate in v' mutants,
and mutations at the su(s) gene result in an approximately
fivefold increase in the accumulation of these transcripts (21,
24). We have previously shown that the nearly wild-type-
size v' transcripts are generated by splicing of the majority of
the 412 retrotransposon sequences from the v' pre-mRNA at
cryptic splice sites located near the ends of the transposon
(3). Four 5' splice donor sites were found to be alternatively
spliced to a single 3' splice acceptor. These splice sites are
located within the long terminal repeat (LTR) sequences of
the 412 retrotransposon and are derived from the normally
nontranscribed strand of the 412 element. They are, there-
fore, not sites that are normally used to process 412 tran-
scripts. Comparison of the cryptic 412 splice sites to actual
splice sites of several D. melanogaster genes revealed that
the 412 5' splice sites are atypically poor matches to the
invertebrate consensus splice site sequence (3).
The su(s) gene encodes a nuclear protein with sequence
features that suggest a role in RNA processing (29). Previ-
ously, we proposed that the su(s) protein may function to
prevent splicing complexes from forming on poor 5' splice
sites; thus, the 412 element would be more readily recog-
nized as an intron in su(s) mutants. Here we have con-
structed derivatives of a v allele with a smaller 412 insertion
and with alterations in the 412-associated splice sites. The
expression of these derivatives was examined in su(s) wild-
type and su(s) mutant backgrounds after germ line transfor-
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mation. The results presented in this report provide strong
support for a role of the su(s) protein in the pre-mRNA
splicing pathway.
MATERIALS AND METHODS
Plasmid constructions. The vkLTR, MtnvkLTR, Mtnvk
LTR5'con, MtnvkLTRA5'SS, and MtnvkLTRA5',3'SS con-
structions were made with the recombinant PCR technique
described by Higuchi (8). Desired mutations were confirmed
by dideoxynucleotide sequencing. The vkLTR construction
includes approximately 3.2 kb of v+ 5' flanking sequences
and 300 bp of v+ 3' flanking sequences and has a single 412
LTR at the insertion site of the 412 element in the vs alleles.
In the Metallothionein (Mtn):v chimeric constructions, the
v+ 5' HindIII-XhoI fragment (-3200 to +28) was replaced
with an EcoRI-SalI fragment isolated from plasmid pMCR11
(obtained from G. Maroni) which contains the Mtn core
promoter and several copies of a metal response element
inserted into the EcoRI and SmaI sites of the pUC18 cloning
vector. The Mtn EcoRI-SalI fragment contains Mtn se-
quences from -373 to +54 and approximately 15 bp of
pUC18 polylinker sequences. For germ line transformation,
all of the constructions were introduced into unique NotI
and Sall sites of the D. melanogaster transformation vector
pDM30 (17).
D. melanogaster strains and germ line transformation. Flies
were reared at 25°C on standard food. The mutant D.
melanogaster alleles used in this study have been described
elsewhere (12). A v36frosy5o strain was used as a host strain
for germ line transformation. The v36f allele has an insertion
of a B104/roo retrotransposon in the fourth v intron and
produces v transcripts of very low abundance that terminate
within the transposon insertion (24). Germ line transforma-
tion was carried out as previously described (9). Crosses
with standard balancer chromosomes were used to generate
homozygous transgenic lines in su(s)+ and SU(S)51Cl5 back-
grounds. The SU(S)SIc15 mutant has a gypsy element insertion
in the first intron of the su(s) gene (30) and produces a
reduced level of apparently normal protein (17a). Transgene
insertions were verified by Southern analysis. For this
analysis, genomic DNA was isolated from 1- to 5-day-old
adult flies (1) and fractionated on 0.8% agarose gels. Transfer
to nylon membranes, prehybridization, hybridization, and
posthybridization washes were performed as described by
Southern (27). 32P-labeled DNA probes were prepared by
random priming (2).
RNA isolation and Northern (RNA) blot analysis. Total
RNA was isolated from 1- to 5-day-old adult flies as de-
scribed by Fridell and Searles (4). Poly(A)+ RNA was
prepared with a PolyATtract mRNA isolation kit (Promega).
For Northern blot analysis, 2 to 5 ,g of poly(A)+ RNA was
fractionated on 1.2% agarose-formaldehyde gels (13) and
blotted onto nylon membranes (28). Prehybridization, hy-
bridization to riboprobes (see below), and posthybridization
washes were performed as described by Zinn et al. (32).
Northern blots were simultaneously probed with v and
internal control riboprobes (see below). High-specific-activ-
ity v riboprobes were prepared as described by Melton et al.
(16) except that 200 ,uCi of [32PJCTP (800 Ci/mmol) was used
in each reaction without the addition of cold CTP. To avoid
an interfering signal from the injection host strain, the v
riboprobe was derived from v sequences downstream of the
B104 insertion in the v36f allele (see above). The internal
control riboprobes, rp49 (18) and Mtn (14), were prepared as
described by Melton et al. (16). Prehybridization, hybridiza-
tion to the DNA probes, and posthybridization washes were
performed as described by O'Hare et al. (19 .
Analysis of partial cDNA clones of the Mtnv LTR construc-
tions. PCR-amplified cDNA clones of the MtnvkLTR,
MtnvkLTR5'con, and MtnvkLTRA5',3'SS constructions
were obtained and sequenced as previously described (3)
except that 20 ,ug of total adult RNA was used as a template
for first-strand cDNA synthesis. Oligonucleotide 5276,
which is complementary to the Mtn sense strand (+2 to +20
[14]) and has an XhoI site added to its 5' end, and oligonu-
cleotide 2052 (3), which spans the EcoRI site in exon 4 of the
v gene, were used as primers for the PCR. Amplified cDNA
fragments were cloned into the plasmid vector pGEM7Zf
(Promega) through the use of the XhoI site contained within
the upstream Mtn primer and an internal ClaI site located in
v exon 3 (Fig. 1). The splicing patterns of the majority of the
cDNA clones were determined by dideoxynucleotide se-
quencing. However, the splicing patterns of some of the
Mtnv"LTR and MtnvkLTR5'con cDNA clones were de-
duced on the basis of characteristic sizes of the cloned
cDNA fragments. For the MtnvkLTRA5'SS construction,
PCR-amplified cDNA products were isolated from agarose
gels and used to generate single-stranded DNA as described
by Kreitman and Landweber (11). The single-stranded DNA
served as a template for dideoxynucleotide sequencing.
RESULTS
Analysis of a v construction with a single 412 LTR insertion.
On the basis of the unusual splicing of the 412 retrotranspo-
son sequences from the vs primary transcripts, we previ-
ously proposed that su(s) mutations may result in the stabi-
lization of splicing complexes at the cryptic 412 splice sites
and thereby facilitate splicing of the 412 intron (3). However,
it is also possible that su(s) mutations can increase the
frequency of transcription initiation of the v5 alleles or
increase the stability of the vs transcripts. To test these
possibilities, we decided to make changes in the cryptic 412
splice sites of a vs allele, introduce these altered alleles into
D. melanogaster by transformation, and analyze their ex-
pression in su(s) wild-type and mutant backgrounds. As a
first step in this approach, we constructed a smaller deriva-
tive of a vS allele that would be amenable to in vitro
manipulation. Splicing of 412 sequences from the vs pre-
mRNA occurs from 5' splice sites located near the end of
one of the LTRs of the 412 retrotransposon to a 3' splice site
located near the opposite end of the other LTR (Fig. 1A).
However, since the LTRs are direct repeats, both the 5' and
3' splice site sequences are present in both LTRs, and we
expected that splicing could occur between splice sites
located within the same LTR. Therefore, we made a con-
struction which included the entire v transcription unit, 3,200
bp of v+ 5' flanking sequences, 300 bp of v+ 3' flanking
sequences, and a 480-bp 412 LTR at the insertion site of the
7.5-kb 412 retrotransposon in the vs alleles. This construc-
tion, vkLTR, was introduced into D. melanogaster by P-el-
ement-mediated germ line transformation. Analysis of PCR-
amplified cDNA clones from this construction revealed that
the 412 LTR sequences were in fact spliced from the
pre-mRNA at the same 5' and 3' splice sites previously
identified in splicing the intact 412 element from the vs
pre-mRNA. However, the level of expression of this con-
struction was low, and by Northern blot analysis it was
difficult to assess the effect of su(s) mutations on the accu-
mulation of these transcripts. In an effort to circumvent the
low level of expression and to test whether the v promoter is
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FIG. 1. Splicing pattern of the vk transcripts and alterations of the cryptic 412 splice sites. (A) Molecular map of the v' alleles. The inserted
412 retrotransposon is represented by the hatched box, v exons are represented by shaded boxes, and v introns are represented by open
boxes. The ATG indicates the start of the v open reading frame. The splicing pattern of the vk transcripts is schematically diagrammed
immediately beneath the molecular map. (B) Constructions used in this study. In construction MtnvkLTR, the v promoter was replaced by
the stronger Mtn promoter (stippled box) and the 7.5-kb 412 retrotransposon was replaced by a single 480-bp 412 LTR (hatched rectangle).
The sequences in the vicinity of the previously described cryptic 412 splice sites (dI, dII, dlII, dIV, and aI) are shown, with the highly
conserved GT and AG dinucleotides of the splice donor and acceptor sites underlined. The sequence of the cryptic donor site in the Mtn leader
[d(Mtn); see text] is also shown. Sequences which are derived from the 412 transposon are in uppercase letters, whereas those from the v or
Mtn genes are in lowercase letters. In the MtnvkLTR5'con construction, the region including dI and dII has been converted to a consensus
5' splice site, which is denoted by the line above the sequence. Additional changes to the cryptic splice sites in this and the MtnvkLTRA5'SS
and MtnvkLTRA5',3'SS constructions are indicated with asterisks. In addition, the positions of the two non-AG 3' splice sites (see text) of
MtnvkLTRA5',3'SS are underlined. Restriction enzyme abbreviations: B, BamHI; E, EcoRI; S, Sall; X, XhoI.
required for the effect of su(s) mutations, the v 5' fragment
(-3200 to +25) of the vkLTR construction was replaced with
a fragment containing the promoter of the D. melanogaster
Mtn gene and 54 bp of Mtn leader sequences (14). This
construction was designated MtnvkLTR (Fig. 1B). Poly(A)+
RNA isolated from transgenic flies bearing homozygous
copies of MtnvkLTR in both su(s)+ and su(s) mutant back-
grounds was examined by Northern blot analysis (Fig. 2).
Two v-specific transcripts of 1.4 and 1.9 kb were detected
(Fig. 2, lanes 3 to 6). These bands correspond in size to
transcripts which retain the 412 LTR sequences but have the
v introns spliced out (1.9 kb) and fully spliced transcripts
which have lost the 412 LTR sequences as well as v introns
(1.4 kb). To verify the identity of the 1.9-kb transcript, the
Northern blot shown in Fig. 2 was stripped and reprobed
with 412 LTR sequences. Only the 1.9-kb band hybridized to
the 412 LTR sequences, consistent with its representing
transcripts which retain the 412 LTR (data not shown).
Mutations at the su(s) gene increase the accumulation of
both the fully spliced 1.4-kb transcripts and the 1.9-kb
LTR-containing transcripts to the same extent (Fig. 2; com-
pare lane 3 with lane 4 and lane 5 with lane 6). This result
indicates that neither the v promoter nor the majority of the
412 retrotransposon sequences are necessary for the effect of
su(s) mutations. Also, as judged by the similar increases in
the levels of the 1.4- and 1.9-kb transcripts, su(s) mutations
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FIG. 2. Northern blot analysis of RNA isolated from transgenic
flies bearing the MtnvkLTR construction. Each lane contains 5 ,ug of
poly(A)+ adult RNA isolated from the strains indicated. The su(s)-
ry506 V36f strain is the transformation host strain in a su(s)- mutant
background. MtnvkLTR-1 and MtnvkLTR-2 are two independent
transgenic lines. The Northern blot was simultaneously hybridized
with radiolabeled v and rp49 antisense riboprobes (see Materials and
Methods). The positions of the v transcripts which retain the 412
LTR (1.9 kb) and those which have the 412 LTR sequences removed
by splicing (1.4 kb) are indicated. The internal control rp49 tran-
scripts are also indicated.
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do not affect the apparent efficiency at which the 412 LTR
sequences are spliced from the RNA.
A trivial explanation for the observed increases in the
accumulation of MtnvkLTR transcripts is that su(s) muta-
tions increase the frequency of transcription initiation at the
Mtn promoter. To address this possibility, this and other
Northern blots were probed with Mtn sequences. Mutations
at the su(s) gene did not affect the levels of the endogenous
Mtn transcripts (data not shown), indicating that su(s) is not
a regulator of Mtn transcription and that the increase in the
accumulation of the MtnvkLTR transcripts in a su(s) mutant
background is most likely not occurring through increased
transcription initiation at the Mtn promoter.
Analysis of a construction with a consensus 5' splice site
sequence. The finding that su(s) mutations affect the Mtnvk
LTR construction by increasing the accumulation of both
fully spliced transcripts and transcripts which retain the 412
LTR sequences might be explained if su(s) mutations in-
crease the stability of the LTR-containing RNA. For exam-
ple, if the su(s) protein participates directly in the degrada-
tion of mutant v transcripts, the stability of these transcripts
would be increased in su(s) mutants. Alternatively, the
stability of the mutant v transcripts might be coupled with
pre-mRNA splicing, such that the formation of more stable
splicing complexes on cryptic splice sites in su(s) mutants
protects the transcripts from degradation. To determine
whether the stability of the RNA and the effect of su(s) are
related to splicing, we constructed several derivatives of
MtnvkLTR with alterations in the 412 cryptic splice sites and
used them to generate transformants. In one construction,
the region of cryptic 412 5' splice donor sites I and II was
converted to a consensus 5' splice site sequence CAG/
GTAAGT (26) and the highly conserved GT dinucleotides of
the other previously identified 412 cryptic 5' splice sites in
the MtnvkLTR construction were changed to CA dinucle-
otides (Fig. 1B, MtnvkLTR5'con). This construction is oth-
erwise identical to MtnvkLTR. If su(s) mutations produce
the same effect on the accumulation of transcripts with the
consensus 5' splice site sequence as on the accumulation of
transcripts with the cryptic 412 5' splice sites (MtnvkLTR),
this would suggest that suppression does not directly involve
recognition of the cryptic 412 5' splice sites. However, if the
su(s) protein functions to prevent splicing complexes from
forming on poor 5' splice sites but does not affect recognition
of good sites, then the effect of su(s) mutations on transcripts
with the consensus 5' splice site would be expected to be less
dramatic. A Northern blot with RNA isolated from trans-
genic flies bearing the MtnvkLTR5'con construction is
shown in Fig. 3. Strikingly, introduction of the consensus 5'
splice site sequence produced the same effect as mutations at
the su(s) gene: the levels of both the fully spliced transcripts
and transcripts which retain the 412 LTR sequences were
increased (Fig. 3; compare lanes 3 and 5 with lane 8). The
observed expression pattern, including the ratio of the fully
spliced to LTR-containing transcripts, was similar to that
observed with the MtnvkLTR construction in a su(s) mutant
background (Fig. 3; compare lanes 3 to 6 with lane 8).
Furthermore, the effect of su(s) mutations on the accumula-
tion of the transcripts produced from MtnvkLTR5'con was
virtually eliminated (Fig. 3; compare lane 3 with lane 4 and
lane 5 with lane 6). Taken together, these results suggest that
su(s) mutations and the 5' splice site consensus sequence
affect the accumulation of the mutant v transcripts through
the same process. Replacing the 5' cryptic donor sites with a
consensus sequence, a change which should enhance com-
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FIG. 3. Northern blot analysis of RNA isolated from transgenic
flies bearing the MtnvkLTR5'con construction. Each lane contains 2
,ug of poly(A)+ adult RNA isolated from the strains indicated. Two
independent MtnvkLTR5'con transgenic lines are indicated as
5'con-1 and 5'con-2. The blot was simultaneously hybridized with v
and rp49 antisense riboprobes. The positions of the v transcripts
which retain the 412 LTR sequences (1.9 kb) and those which have
the LTR sequences removed by splicing (1.4 kb) are indicated. The
internal control rp49 transcripts are also indicated.
ently affecting the efficiency of splicing out the 412 intron. In
mutants lacking the su(s) protein, the same effect could be a
consequence of increased complex assembly on the cryptic
donor sites.
Analysis of constructions with mutations in the previously
identified 412 cryptic 5' and 3' splice sites. If assembly of 412
LTR sequences into splicing complexes stabilizes the v
mutant transcripts, then elimination of these cryptic splice
sites would be predicted to lead to reduced RNA accumula-
tion. Furthermore, if all of the potential splice sites in the 412
LTR sequences were completely eliminated, then according
to our model, su(s) mutations would not be expected to
affect accumulation of the transcripts produced. To test
these predictions, two constructions, bearing mutations de-
signed to eliminate the cryptic 412 5' and 3' splice sites, were
made. In the first of these (MtnvkLTRA5'SS; Fig. 1B), the
highly conserved GT dinucleotides of 412 donor sites II, III,
and IV in the MtnvkLTR construction were changed to CA
dinucleotides. Also, a G-to-C mutation was introduced into
the GT dinucleotide of 412 donor I. The second construc-
tion, MtnvkLTRA5',3'SS, has these same mutations of the
412 5' splice sites but also has a G-to-C mutation of the
highly conserved AG dinucleotide of the 412 3' splice site
(Fig. 1B). Unexpectedly, when poly(A)+ RNA isolated from
transgenic flies bearing the Mtnv"LTRAS'SS construction
was examined by Northern blot analysis, v-specific tran-
scripts corresponding in size to those which retain the 412
LTR sequences and those which have the 412 LTR se-
quences removed by splicing were observed (Fig. 4A). In
fact, the pattern of transcripts observed from the
MtnvkLTRA5'SS construction and the effect of su(s) muta-
tions on transcript accumulation were very similar to those
for the original MtnvkLTR construction. To determine how
the apparently spliced transcripts were generated, first-
strand v-specific cDNA products of the MtnvkLTRA5'SS
construction were PCR amplified and sequenced. This anal-
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FIG. 4. Northern blot analysis of transgenic flies bearing the MtnvkLTRA&5'SS (A) and MtnvkLTRA5',3'SS constructions (B). Each lane
contains 2 Fg of poly(A)+ adult RNA isolated from the strains indicated. A5'SS-1 and A5'SS-2 represent two independent MtnvkLTRA5'SS
transgenic lines; A5',3'SS-1, -2, and -3 represent three independent MtnvkLTRA5',3'SS transgenic lines. The blots were simultaneously
hybridized with v and rp49 (A) or v and Mtn (B) antisense riboprobes. The positions of the v transcripts which retain the 412 LTR sequences
(1.9 kb) and those which have the LTR sequences removed by splicing (1.4 kb) are indicated. The positions of the internal control rp49 and
Mtn transcripts are also indicated.
ysis revealed that splicing occurred from a cryptic 5' splice
site (CAA/GTGAAT) located within the Mtn leader region to
the previously described 412 3' splice site near the end of the
412 LTR (Fig. 1B). This 5' splice site is located 29 nt
downstream of the transcription start site and is not a site
that is normally used in processing Mtn transcripts (14).
Furthermore, this site is present in all of the MtnvkLTR
derivatives, and it is also used in splicing transcripts pro-
duced from MtnvkLTR but apparently not from Mtnvk
LTR5'con (see below). Thus, while the changes introduced
into this construction did not prevent the 412 LTR from
being recognized as an intron by the splicing machinery, this
analysis demonstrated that the effect of su(s) mutations is
not specific for the cryptic 412 5' splice sites.
Poly(A)+ RNA was also analyzed from transgenic flies
bearing the MtnvkLTRA5',3'SS construction, which has
mutations in both the 412 5' and 3' splice sites but retains an
intact crypticMtn 5' splice site. A Northern blot of this RNA
(Fig. 4B) showed that only the LTR-containing 1.9-kb tran-
script accumulates; thus, splicing of the 412 LTR sequences
was largely abolished. The overall level of RNA accumula-
tion is significantly reduced relative to MtnvkLTR in both
su(s) wild-type and mutant backgrounds. This finding sup-
ports the notion that splicing complex assembly stabilizes
the LTR-containing transcripts. The level of accumulation of
these transcripts is higher in a su(s) mutant background (Fig.
4B, lanes 2, 4, and 6). If the effect of su(s) mutations involves
splicing complex assembly on cryptic sites, perhaps an effect
is observed on MtnvkLTRA5',3'SS transcripts because all of
the cryptic splice sites were not eliminated by the alterations
in the 412 donor and acceptor sites. As described above, the
cryptic Mtn donor site is present in this construction, and
analysis of PCR-amplified cDNA clones isolated from trans-
formants bearing the MtnvkLTRA5',3'SS construction re-
vealed that a low level of splicing of the 412 LTR sequences
does occur. Of three cDNA clones obtained that had the 412
LTR sequences removed by splicing, two were spliced at the
Mtn cryptic 5' splice site and at a 3' TG dinucleotide located
4 to 5 bp upstream of the mutated 412 3' splice site, and the
third was spliced at the Mtn 5' splice site and at a 3' AT
dinucleotide located 5 to 6 bp downstream of the mutated
412 3' splice site (Fig. 1B). Thus, even in the absence of the
412 5' and 3' splice sites, a low level of splicing of the 412
sequences does occur. Furthermore, as will be described
below, other cryptic sites within the LTR can mediate
splicing complex assembly.
Splicing patterns of transcripts produced by the MtnvkLTR
and MtnvkLTR5'con constructions. The observation that
transcripts produced by the construction with mutations of
the 412 5' splice sites (MtnvkLTRA5'SS) are spliced at a
cryptic 5' splice site located within the Mtn leader sequences
suggested that this splice site may also be used to splice
transcripts produced by the MtnvkLTR and MtnvkLTR5'con
constructions. To determine the splicing patterns of these
transcripts, several PCR-amplified cDNA clones of each of
these constructions were analyzed. In the majority of the
MtnvkLTR cDNA clones, the 412 LTR sequences were
spliced from either the Mtn cryptic 5' splice site or 412 donor
site II to the previously described 412 3' splice site near the
end of the 412 LTR (Fig. 5). However, several cDNA clones,
obtained from both su(s) wild-type and su(s) mutant RNAs,
were spliced at previously unidentified cryptic splice sites
located internally within the 412 LTR sequences. These
additional splice sites, including three acceptor sites and one
donor site, are shown in Fig. 5.
Most of the MtnvkLTR5'con cDNA clones were spliced
from the consensus 5' splice site to the 412 3' splice site
located near the end of the 412 LTR (Fig. 6). In fact, in the
presence of the 5' consensus splice site, none of the cDNA
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FIG. 5. Splicing patterns of MtnvkLTR cDNAs. (A) Schematic
diagram of the MtnvkLTR construction. Positions of the donor (d)
and acceptor (a) sites used to splice the 412 LTR sequences are
indicated. The 412 LTR sequences are represented by the hatched
box, v exons are represented by shaded boxes, and v introns are
represented by open boxes. Mtn gene promoter and leader se-
quences are represented by the stippled box. The cryptic donor
splice site contained within the untranslated Mtn leader sequences is
labeled d(Mtn). Below the diagram, the splicing patterns of PCR-
amplified cDNA clones are shown, with the numbers of clones of
each type isolated from su(s)+ and su(s)- backgrounds shown at the
right. In each case, the sequence of a cDNA fragment extending
from a ClaI site in v exon 3 to the 5' Mtn leader region was
determined. The first and second authentic v introns were properly
spliced from all of these cDNAs. (B) Sequences at the junctions of
the cryptic donor and acceptor splice sites.
This finding indicates that the 5' consensus is, in fact,
recognized more efficiently than the cryptic 5' splice sites in
vivo. However, as with MtnvkLTR, several cDNA clones
that were spliced at the cryptic splice sites located internally
within the 412 LTR were also obtained (Fig. 6). Interest-
ingly, some of these internal cryptic 412 splice sites, partic-
ularly acceptor II and donor V (Fig. 6), are better matches to
the consensus splice site sequences than the previously
described splice sites located near the ends of the 412 LTR
(Fig. 1). It might be argued that since these cDNA clones
were isolated by PCR amplification, splicing at these internal
sites could occur very infrequently and represent a normal
degree of sloppiness in the splicing process. However, our
analysis of these same cDNAs with regard to splicing of the
first authentic v intron has not detected a single instance of
splicing at unexpected sites. In addition, Si nuclease pro-
tection analysis indicated that transcripts spliced at these
sites within the 412 LTR represent a significant fraction of
aIII TTTAATATATTTGGACTTAG/G
aIV TGTATATCTTATATATCTAG/G
FIG. 6. Splicing patterns of the MtnvkLTR5'con cDNAs. (A)
Schematic diagram of the MtnvkLTR5'con construction. Positions
of the donor (d) and acceptor (a) sites used to splice the 412 LTR
sequences are indicated. The symbols are as described in the legend
to Fig. 5. In the Mtnv"LTR5'con construction, the region including
412 splice site donors I and II (see Fig. 1) was converted to a
consensus 5' splice site [d(con)]. Below the diagram, the splicing
patterns of PCR-amplified cDNA clones are shown, with the num-
bers of clones of each type isolated from su(s)' and su(s)- back-
grounds shown at the right. As in Fig. 5, the sequence of a cDNA
fragment extending from a ClaI site in v exon 3 to the 5' Mtn leader
region was determined. The first and second authentic v introns
were properly spliced from all of these cDNAs. (B) Sequences at the
junctions of the cryptic donor and acceptor splice sites. The
conserved AG of aIl is located only 5 nt upstream of the splice site
of aV (see Fig. 5).
the total population of mutant v transcripts (data not shown).
This type of analysis also indicated that su(s) mutations do
not appreciably affect the proportion of transcripts spliced at
these alternate sites as might be inferred from the data in Fig.
5 and 6 (data not shown). Perhaps these alternatively spliced
transcripts produce the smearing observed on Northern
blots between the 1.9-kb LTR-containing and 1.4-kb fully
spliced v transcripts (for example, Fig. 2 and 3).
DISCUSSION
In an attempt to define a function for the su(s) protein, we
have examined the effect of su(s) mutations on expression of
su(s)-suppressible v alleles. We previously showed that the
three suppressible v alleles have identical insertions of a 412
retrotransposon in the first v exon and that the 412 sequences
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effect of su(s) mutations on vk derivatives which were
introduced into the germ line of D. melanogaster by P-ele-
ment-mediated transformation. Expression of these con-
structions was driven by the stronger Mtn promoter. A
construction with a single 480-bp 412 LTR at the insertion
site of the 7.5-kb 412 element in the vs alleles (MtnvkLTR)
produced two classes of polyadenylated transcripts, ones
that retain 412 LTR sequences but have undergone normal
splicing of v introns and ones that have had the 412 LTR
sequences as well as the v introns spliced from the pre-
mRNA. Mutations at the su(s) gene result in increases in the
accumulation of both classes of transcripts. Similar obser-
vations were made in the analysis of an allele of the gene,
y76d28, that is also suppressed by su(s) mutations (6). The
y76d28 allele has a P-element insertion in the 5' transcribed
leader region of they gene. As with the 412 insertion at v, the
P-element sequences are inefficiently spliced from the pre-
mRNA at cryptic splice sites located near the ends of the
transposable element. Mutations at su(s) result in increased
accumulation of both P-element-containing transcripts and
transcripts from which the P element has been removed by
splicing (6). Thus, both of the examples of su(s)-suppressible
alleles that have been examined at the molecular level
involve splicing of transposable element sequences at sites
that are not normally utilized as splice sites in the processing
of pre-mRNAs. Furthermore, su(s) mutations similarly af-
fect the levels of transposon-containing and fully spliced
transcripts. In theory, the increase in transposon-containing
transcripts observed in su(s) mutants could be due to an
effect on transcription or on transcript stability. However,
our finding that replacing a cryptic 5' donor with a consensus
site eliminates the effect of su(s) mutations provides com-
pelling evidence that su(s) mutations act posttranscription-
ally, i.e., by affecting RNA stability, and that stability is
somehow dependent on splicing complex assembly.
Support for the notion that LTR-containing transcripts are
unstable and that stability is enhanced by assembly of the
LTR into splicing complexes was obtained from analysis of
the LTR derivatives with splice site alterations. The fact that
the addition of a consensus splice donor site resulted in
increased levels of LTR-containing transcripts indicates that
the stability of these transcripts can be increased by more
stable complex assembly at the 5' donor site. Perhaps this, in
turn, leads to a higher level of mRNA accumulation, since
retention of the transcript in splicing complexes would
prevent degradation and allow more time for splicing to
occur. Furthermore, transcripts produced from the con-
struction with 5' and 3' splice site alterations that were
designed to prevent splicing complex assembly (Mtnvk
LTRA5',3'SS) accumulated reduced levels of LTR-contain-
ing transcripts. This result also suggests that splicing com-
plex assembly stabilizes these transcripts.
The su(s) protein could either play a direct role in control-
ling RNA stability, for example, if it is part of the RNA
degradation machinery, or function in splicing complex
assembly and therefore affect RNA stability indirectly. The
results obtained from analysis of the LTR derivative in
which a 5' consensus site was substituted for one of the
cryptic 5' splice sites (construction MtnvkLTRS'con) are
consistent with the hypothesis that su(s) mutations affect the
stability of splicing complexes. The overall levels and rela-
tive amounts of LTR-containing and fully spliced transcripts
produced by the MtnvkLTR5'con were similar to those
observed from the construction with the cryptic 412 splice
sites (MtnvkLTR) in a su(s) mutant background. Thus, the
addition of the 5' splice site consensus sequence mimics the
effect of su(s) mutations. Moreover, su(s) mutations did not
appreciably affect the accumulation of transcripts produced
by the construction with the 5' consensus splice site. Since
the effect of the 5' splice site consensus sequence almost
certainly occurs at the level of pre-mRNA splicing, it seems
probable that mutations at the su(s) gene also affect an
aspect of splicing.
Interestingly, neither su(s) mutations nor the addition of
the consensus 5' splice site sequence appreciably affects the
apparent efficiency of splicing of the 412 sequences, as
judged by the relative ratios of fully spliced transcripts to
transcripts that retain the 412 LTR sequences (Fig. 2 and 3).
A possible explanation for this is that su(s) mutations and the
5' splice site consensus sequence increase the stability of
transcripts which retain the 412 sequences without affecting
the actual rate of splicing of the 412 sequences. It is possible,
for example, that the presence of the 412 sequences desta-
bilizes the mutant v transcripts but that the formation of
splicing complexes on the 412 sequences protects them from
degradation. The effect of su(s) mutations and the consensus
5' splice site sequence might be to increase the efficiency of
an early recognition step without affecting the rate-limiting
step in the splicing of the 412 sequences.
On the surface, the results obtained from the construction
with mutations of the previously identified 412 5' and 3'
cryptic splice sites (MtnvkLTRA5f,3'SS) appear to argue
against the possibility that the su(s) protein functions at the
level of pre-mRNA splicing. By Northern blot analysis,
splicing of the 412 sequences from transcripts produced by
this construction appears to be largely prevented, yet su(s)
mutations still affect the accumulation of these transcripts.
The interpretation of these results is, however, complicated
because the alterations that we introduced probably did not
completely eliminate splicing complex assembly. First, since
the cryptic 5' splice site located within the Mtn leader
sequences is intact in the MtnvkLTRA5',3'SS construction,
it is possible that even in the absence of the AG dinucleotide
at the 3' splice site, splicing complexes can assemble on the
Mtn cryptic donor site. This possibility is supported by the
finding that a low level of splicing of the 412 sequences from
the MtnvkLTRA5',3'SS transcripts occurs from the cryptic
Mtn 5' splice site to non-AG 3' splice sites located near the
mutated 412 3' splice site. An increase in the stability of
splicing complexes on this 5' splice site could explain the
effect of su(s) mutations on the accumulation of
MtnvkLTRA5,3'SS transcripts. Furthermore, upon analyz-
ing PCR-amplified cDNA clones of the MtnvkLTR and
MtnvkLTR5'con constructions, we identified five additional
3' splice sites and another 5' splice site within the 412 LTR
sequences (Fig. 5 and 6). In transcripts produced by the
MtnvkLTRA5f,3'SS construction, particularly in a su(s) mu-
tant background, these sites may be recognized and splicing
complexes could associate with the cryptic Mtn 5' splice site
and one of the three internal 412 3' splice sites.
As stated above, it is also possible that the su(s) protein
plays a direct role in degrading transcripts that are not
assembled into splicing complexes. This hypothesis can
readily explain why the ratio of LTR-containing (unspliced)
to fully spliced transcripts is not affected in su(s) mutants.
However, the results obtained with the MtnvkLTRA5',3'SS
construction are not consistent with su(s) being directly
involved in RNA degradation. If su(s) mutations inactivate a
protein involved in targeting the LTR-containing transcripts
for degradation, then in su(s) mutants, the overall level of
transcript accumulation produced by the constructions with
splice sites deleted should be the same as that produced by
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FIG. 7. Model for suppression of the mutant v alleles. In the
schematic diagram of the mutant v pre-mRNA (top), the 412 LTR
sequences are indicated by the hatched box, the v exons are
indicated by shaded boxes, and the v introns are indicated by open
boxes. Two possible fates (I and II) of the pre-mRNA are illustrated.
In the first pathway (I), the v introns are recognized and removed by
the splicing machinery, but the 412 sequences are not recognized as
intron sequences and are retained. The presence of the 412 se-
quences results in the rapid degradation of these transcripts. In the
second pathway (II), the 412 sequences as well as the v introns are
recognized by the splicing machinery. The formation of splicing
complexes on the 412 sequences stabilizes these transcripts, but the
412 sequences are spliced more slowly than the v introns. The
transcripts observed by Northern analysis are indicated with aster-
isks. These include transcripts that are complexed by the splicing
machinery but still retain the 412 LTR sequences and those from
which both the v introns and the 412 sequences have been spliced.
The effect ofsu(s) mutations is to increase the efficiency at which the
412 LTR sequences are recognized as intron sequences and hence to
increase the proportion of pre-mRNA molecules which follow the
second pathway (II).
of v transcripts that enter the splicing pool (pathway II)
increases, but these transcripts are still inefficiently spliced.
An important feature of this model is the assumption that the
presence of the 412 sequences in the v pre-mRNA results in
the degradation of these transcripts. Potentially, this degra-
dation could occur in either the nucleus or the cytoplasm. If
the 412-containing transcripts are degraded in the nucleus,
the formation of splicing complexes on the transposon
sequences might protect the transcripts from nuclear
RNases. If, on the other hand, degradation occurs in the
cytoplasm, the retention of the 412 LTR-containing tran-
scripts in the nucleus through their association with the
splicing machinery might explain the increase in their stabil-
ity. In either case, the increased assembly of the 412
sequences into splicing complexes in a su(s) mutant back-
ground could stabilize the transcripts. This model is consis-
tent with the previously proposed role of the su(s) protein in
destabilizing splicing complexes on the poor 412 5' splice
sites (3). In this regard, the su(s) protein might function as a
proofreading factor for 5' splice site recognition. However, it
is also possible that su(s) mutations affect an aspect of intron
recognition that is not related to the poor 412 5' splice sites.
The process of how actual splice sites are distinguished
from other sequences within a pre-mRNA that resemble
splice sites but are not recognized as such is poorly under-
stood (for a review, see reference 7). Recently, several
factors that influence 5' splice site selection have been
identified (5, 10, 15). The results presented in this report
suggest that the su(s) protein may also play a role in this
process.
the construction with the splice sites intact. In contrast, we
observe that the level of transcripts with the mutated splice
sites is significantly lower in both su(s) wild-type and mutant
backgrounds. This finding indicates that the degradation of
these transcripts is not eliminated by su(s) mutations. How-
ever, this interpretation makes the assumption that tran-
scripts with the splice sites destroyed are degraded by the
same pathway as those transcripts with splice sites intact,
and this might not be the case. Another argument against a
role for the su(s) protein in RNA degradation is that su(s)
mutations are also known to enhance the phenotype of
certain other mutant alleles (23). It is difficult to envision
how the inactivation of a degradation pathway could lead to
reduced production of a particular gene product. Con-
versely, altering splicing complex assembly would generally
be expected to negatively effect gene expression. A third
argument against a direct role for su(s) in RNA degradation
is that the degradation activity would have to be specific,
since only the levels of certain transcripts are affected; this
possibility seems unlikely. Thus, we favor the hypothesis
that su(s) encodes a protein that functions in the splicing
pathway. However, biochemical analysis, currently under
way, will be needed to determine unambiguously the func-
tion of the su(s) protein.
A model to explain the effect of su(s) mutations on the
expression of the Mtn:vk derivatives is shown in Fig. 7.
According to this model, in a su(s) wild-type background,
the 412 sequences in the mutant v transcripts would rarely be
recognized by the splicing machinery and most of the
transcripts would be rapidly degraded (pathway I). When the
412 sequences are recognized as an intron, the assembly of
the 412 sequences into a splicing complex stabilizes the
transcripts but splicing of the 412 sequences is inefficient
(pathway II). In a su(s) mutant background, the proportion
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